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Abstract Many communities face a waste management crisis. An increase in
waste generation and decline in available landfill capacity have led to rapid
increases in waste management costs. Using sewage sludge management in
coastal New York and New Jersey as an example, this paper examines optimal
multimedia waste disposal under cost uncertainty. Using expected value-
variance analysis, the study looks at the effects on the optimal disposal strat-
egy of uncertainty associated with waste-management cost and the commu-
nity's ri.sk preferences. The results indicate that, based on available cost data,
the optimal strategy of a moderately risk-averse decision maker is to manage
sludge through land-based facilities. These results hold over a wide range of
risk-aversion parameters and even at low levels of cost uncertainty. Thus, the
Ocean Dumping Ban Act of 1988 is consistent with such results.
Keywords waste disposal, ocean dumping. EV (expected value-variance)
analysis.
Introduction
In the late 1980s, II to 12 billion tons of non hazardous waste and 0.7 billion tons
of hazardous waste' were generated annually in the United States (OTA 1992).
Sources of these wastes include industry, agriculture, and municipalities. Man-
agement of these wastes depends on waste type and characteristics, location, and
costs. For most waste types, management practices include multimedia disposal,
recycling, energy recovery, and other beneficial uses. Waste disposal media in-
clude land (landfill, other land-surface disposal, and underground injection), air
(incineration and other emission), and water (public sewage and surface water)
(EPA 1988a. 1991a, 1991b, and 1991c).
Ideally, a region's wastes would be disposed of using the set of disposal op-
tions that minimize total costs, loosely defined to include both private costs and
ail environmental costs. However, decisions concerning the appropriate mix of
waste disposal options in practice are extremely complicated due to the inherent
difficulties in quantifying environmental consequences of available disposal op-
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' Using RCRA (Resource Conservation and Recovery Act of 1976) definitions.
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tions, as well as uncertainties associated with some of the costs of disposal.
Further complications arise from the fact that the environmental consequences of
waste disposal are location and waste-specific, and the pubic is strongly opposed
to virtually all forms of waste disposal located nearby (Swallow et al. 1992;
Schneider 1992; Moore 1992).
Notwithstanding these (and other) problems, waste disposal remains a critical
issue, and decisions concerning selection of a waste disposal strategy must be
made and new options evaluated. For example, one recent highly publicized
proposal suggests that an abyssal ocean option may be a viable alternative for
disposal of certain wastes because the biological consequences are likely to be
minimal (Schneider 1991; Woods Hole Oceanographic Institution 1991).^
Given the variety of potential disposal options available, and given the differ-
ences in their relative costs and their relative environmental effects, research
concerning waste disposal policies must consider all technically feasible options.
Further, an appropriate framework must address the many cost and environmen-
tal uncertainties involved. To date, however, most economic studies of waste
disposal have considered only a single option.^
This study attempts to contribute to public debate by assessing waste man-
agement options within a multimedia framework which specifically considers po-
tential disposal of wastes through use of landfills, incineration, composting and
ocean disposal. The framework addresses waste disposal under conditions of
uncertainty, since uncertainty is at the heart of the waste disposal debate. A case
study is used to illustrate the multimedia framework, data requirements, and
future research needs.
One of the most publicized debates over waste management concerns sewage
sludge disposal in the coastal areas of New York and New Jersey.'* Historically,
large amounts of sewage sludge generated in this area were disposed of through
^ Many scientists believe that some wastes, such as sewage sludge, may be best managed
through a deep ocean disposal option. This is because the vast abyssal hills and plains of
the mid latitude regions of the Atlantic and Pacific Oceans are deserts, where life is sparse
and mineral wealth almost non-existent. Marine scientists now have the knowledge to
assess which ocean environments may be suitable, or unsuitable, repositories or disposal
sites for many wastes (Spencer 1991).
' Opaiuch et al. (1993) presented an approach to landfill siting; Hong, Adams and Love
(1993) analyzed household recycling of solid wastes; and Leschine and Broadus (1985)
examined the costs of offshore sewage sludge disposal. For an example of studies exam-
ining multimedia waste disposal, see Eiswerth (1993).
•* The quantity of municipal sewage sludge generated in the United States almost doubled
between 1972 and 1992. Currently. 5.4 million dry metric tons of sewage sludge are gen-
erated each year from approximately 12,750 publicly owned treatment works (POTWs).
This translates to 47 pounds for every individual in the country (EPA 1992a). The volume
of sewage sludge is expected to grow in the future {WHOI 1993). Sewage sludge is com-
monly used or disposed of in a number of ways. Based on data from the 1988 National
Sewage Sludge Survey and the 1988 Needs Survey {EPA i992a), of the total 5.4 million dry
tons of sludge, 33.9 percent was disposed of in landfills and 33.3 percent was used for land
application, which includes agricultural and forest land, the reclamation of strip-mined
land, and the composting and sale of sludge. Slightly more than 16 percent was incinerated.
Surface disposal in monofiUs and other dedicated sites accounted for 10.3 percent, and
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ocean dumping, because the disposal cost associated with such dumping was
significantly lower than that of land-based options.''
Although offshore ocean dumping provided a financially low-cost disposal
option, using the ocean as a sewage sludge dumping ground has been highly
controversial. Many people believe that jettisoning waste into the ocean poses a
serious environmental threat to the marine habitat. Over the past two decades,
there has been a growing movement to restrict the dumping of hazardous and
other wastes into the oceans (Moore 1992).'' In November 1988, after medical
waste washed up on beaches. Congress passed the Ocean Dumping Ban Act
(ODBA), which phased out the dumping of municipal sewage sludge and industrial
waste (EPA 1991c). Although all sludge in the region is now managed through
land-based facilities, the debate continues.^ Some people believe that the ODBA
is the result of public anger and was based on emotion rather than careful and
objective analyses.**
Why do people prefer the financially more costly land-based option to the
ocean option? Applying the expected value-variance (EV) approach, which is
widely used in economic and financial analysis, this paper examines the effects on
the optimal disposal strategy of uncertainty associated with waste-manage ment
cost and communities' risk preferences. It is recognized that data limitations exist
for some important elements of cost, and the empirical analysis that follows rests
on several important assumptions and judgments (described later). Hence, the
paper should be regarded as an initial analysis ofthe multimedia disposal issue. Its
contribution is explicit recognition of the trade-off between expected cost and
uncertainty and of the role that trade-off might play in the selection of seemingly
more costly options. The results ofthe paper indicate that, based on available cost
data, the optimal strategy of a moderately risk-averse decision maker is to manage
sludge through land-based facilities. These results hold over a wide range of
risk-aversion parameters and even at low levels of cost uncertainty.
The remainder of this paper is organized as follows. The second section dis-
cusses the methodology, and the third section presents the simulation data and
results. Finally, the conclusions are summarized in the last section.
^ There were two dump sites. The 12-Mile Site is located in the New York Bight, approx-
imately 12 nautical miles from Sandy Hook, New Jersey. The 106-Mile Site, also called
Deepwater Municipal Sludge Dump Site (DMSDS), is located approximately 120 nautical
miles southeast of Ambrose Light, New York and 115 nautical miles from Atlantic City,
New Jersey. Sludge disposal at the t2-Mile Site ended on December 31, 1987 (EPA 1991c),
and sludge dumping at the 106-Mile Site was terminated on June 30, 1992 (EPA 1992b).
'' At the international level, the London Dumping Convention, which covers all marine
waters other than the internal waters of Contracting Parties, entered into force on August
30, 1975 (Duedall et al. 1983).
' Since ending ocean dumping at the 106-Mile Site on June 30, 1992, New York City is
dewatering 100 percent of its sludge and having private vendors haul it to out-of-state sites:
a landfill in Virginia, and application facilities in Arizona, Colorado, Pennsylvania and
Texas (EPA 1992b). New York City spent $2 billion on plants that tum processed sewage
into fertilizer. The city plans to spend at least $300 million a year over the next decade to
dispose of its sludge through land-based options (Specter 1993).
" For example, people now believe that ocean dumping had nothing to do with the medical
waste appearing on beaches, and that the problem was caused instead by combined sewer
overflows from New York City (Specter 1993).D. Jin
Methodology
Waste management is a complex problem influenced by many physical and finan-
cial factors. This study focuses on waste disposal, although a general analytical
framework for waste management should include source reduction and recycling
as well.^ Since most costs and effects are location-specific, most waste manage-
ment problems should be analyzed at the community level.'** As noted, the total
cost of each disposal technology includes (1) internal costs such as transportation,
processing and disposal cost, and (2) extemal cost such as damage to human
health and the environment. The true cost should also incorporate both current
and future consequences, and the relative effects of different options. For exam-
ple, the savings realized on existing landfill costs when an incinerator is used
should be considered.
Under cost certainty, economically efficient waste management requires adop-
tion of either the least cost management option or a least cost combination of two
or more alternatives. Assuming equal benefits, the total cost of multimedia waste
disposal is minimized when the quantities of wastes disposed of in different media
are set so that the marginal costs of all disposal options are equal. When disposal
costs are uncertain, if the more costly of two waste disposal alternatives is also
associated with greater uncertainty, then the choice is obvious. However, in many
cases, it is the less costly option that is more uncertain.
The total costs of most waste management options are stochastic, because the
effects of these options on human health and the environment are highly uncertain
and are location- and waste-specific. Therefore, we can model the total costs of
these options as random variables. The level of uncertainty associated with dif-
ferent options also varies. For example, the effects of some disposal technologies,
such as landfills, have been studied extensively and retain relatively little uncer-
tainty. By contrast, there has been little study ofthe environmental effect of other
disposal technologies such as ocean dumping, and the associated uncertainty
remains large. Thus, multimedia waste disposal under cost uncertainty can be
formulated as follows.
Assume that there are n -I- 1 waste management options with linear cost
functions." The marginal costs of the first n options are normally-distributed
random variables with means dj and variances (!„ (i = 1, . . . , n). The marginal
' According to EPA (1989), waste management programs should be designed to encourage
integrated waste management, including source reduction and recycling. Currently, signif-
icant amounts of waste are managed through recycling, composting and incineration with
energy recovery. Since 1985, the total quantity of municipal solid waste disposed of in U.S.
landfills has been decreasing, and this trend is expected to continue (WHOI 1993). For
recent studies on these subjects, see Helfand (1991), Watabe (1992), and Hong, Adams and
Love (1993).
"* However, some national-level analysis is needed to examine both land and ocean trans-
portation costs, and to understand the potential for interstate shipment of wastes and its
impact on waste management (Walls 1993).
'' In many instances, the available cost information is average unit cost. If a cost function
is linear and there is no fixed cost, then unit cost is equal to marginal cost. Even when the
cost function of a technology is nonlinear, a linear specification can be used as an approx-
imation of lhat cost function in the neighborhood ofthe quantity of waste managed through
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cost ofthe most costly option d^ + i is certain (o-n+i. „+, = 0). The community is
to maximize its expected utility subject to resource constraints.'^
I] (1)
with
n = B(C) - 2 diWi (2)
i-l
where U is a von Neumann-Morgenstern utility function;'^ B is the benefit of
consumption (C); and Wj is the quantity of waste managed through technology i.
The total cost of option i is then diWj.
The total waste volume (W) is a function of consumption (C). '^ To simplify the
problem, it is assumed that the consumption level (C) is exogenously determined.
Thus. W is also determined.
W = f(C) (3)




This problem can be analyzed by the expected value-variance (EV) approach,
which has been widely used in economics and finance.'*^ In fact, the problem is
essentially the same as the portfolio analysis of Robison and Barry (1987). It is
assumed that the community is risk averse,'^ and that the utility function (U)
'^ For discussions of the theory and empirical work on "expected utility" frameworks, see
Stiglitz (1969). Lin, Dean and Moore (1974), Anderson. Dillon and Hardaker (1977), Ro-
bison and Barry (1987). and Laffont (1989).
'^ Although the classical "expected utility" model has been widely used in economic
decision analysis, its limitations have led to the development of a number of alternative
models of decision-making. See Machina (1991), Viscusi (1989), Freeman (1991), Daniels
and Keller (1990). Quiggin (1991), and Battalio. Kagel and Jiranyakul (1990).
''' In general, consumption, such as certainty non-market consumption, may also be influ-
enced by waste generation.
'*' Actually, the effect of waste reduction can also be expressed as a waste disposal tech-
nology, which incurs processing cost but little or no environmental cost.
"• This approach was first advanced by Markowitz (1952) to explain an investor's diver-
sification of financial assets.
'^ In fact, the U.S. public has repeatedly demonstrated that it is prepared to pay substantial
amounts for protection from contaminants in food, drinking water and the environment in
generai (National Advisory Committee on Oceans and Atmosphere 1981).124 D. Jin
features constant absolute risk aversion. The optimal multimedia waste disposal












(i ?^ j, j = 1 n) is the
while X is the Pratt-Arrow ab-
CTii (i = 1 n) is the variance of dj, and
covariance between dj and dj (assume cry = Oji)
solute risk aversion parameter.'^
In a simple case, there are two waste management technologies (I and 2). The
cost of option 1 (d|) is uncertain with variance CTH, and the cost of option 2 (d2) is
certain ((J22 = 0). In this case. Equation (5) becomes:
w, = (7)
If d2 < d,, then the answer is obvious: all waste should be disposed of through
option 2. As noted, however, it is often true that the certain cost (dj) is greater
than the uncertain cost (d,). Thus, the community would increase the quantity of
waste managed through option 1 if (I) the cost differential is large; (2) the com-
munity is only slightly risk averse {\ is small); and (3) the uncertainty of option 1
(CT,I) is small.
Simulation
Because there are different degrees of uncertainty associated with external costs
of various waste management options, there is no single least-cost option. Optimal
waste management for the New York metropolitan area, apart from legal prohi-
bitions, is likely to be a multimedia operation. In this case, the more costly options
such as landfills are associated with low uncertainty, while the low-cost options
such as ocean disposal are associated with high uncertainty. Hence, the method-
ology described in the previous section can be used to examine the optimal mul-
timedia disposal problem. In this analysis, five disposal options are considered:
(1) ocean dumping at the 12-Mile Site; (2) ocean dumping at the 106-Mile Site; (3)
incineration; (4) composting; and (5) landfill. In fiscal year 1990, 9.9 million wet
tons of sewage sludge were disposed of at the 106-Mile Site. As noted, the Ocean
'* See Pratt (1964). For a discussion of other risk measures, see Ross (1981), HadarandSeo
(1990), Pratt (1990), and Montesano (1991).Multimedia Waste Disposal Under Uncertainty 125
Dumping Ban Act has led to the termination of ocean disposal. In the simulation.
9.9 million wet tons is used as the total waste volume (W).
To facilitate the simulation, it is important to develop accurate estimates of
total costs of waste management technologies. However, this is very difficult.
Some costs, such as those of constructing and operating an incinerator, are ob-
vious. Others, such as those of finding a site for the incinerator and a site to handle
incinerator ash, are less obvious. Many of the physical, chemical, and biological
processes associated with waste disposal are not well understood by the scientific
community. Even when effects are known, an accurate measure ofthe total cost
of waste management alternatives is usually difficult or impossible to obtain.
Thus, the true costs associated with human health and environmental damage are,
in fact, largely uncertain.
There are several key factors that may affect the total cost of sludge disposal:
water content of sludge;'^ contaminant content of sludge; availability of and dis-
tance to disposal sites; and disposal method (Champ et al. 1989).
Internal Costs
The primary data sources for the simulation are the studies by Gift et al. (1989),
Huetteman et al. (1989). Leschine and Broadus (1985), and NRC (1984a).
Incineration versus ocean disposal of sewage sludge at the 12-Mile Site by
New York City was analyzed by Gift et al. (1989). This study provided quantita-
tive estimates of human health effects associated with both options. Generally,
the human health effect from incineration is much greater than that from ocean
dumping at the 12-Mile Site.
Ocean dumping of sewage sludge at the 12-Mile Site versus composting was
examined by Huetteman et al. (1989). According to their study, the internal costs
of composting and land application of sewage sludge in Nassau County. New
York, are about $10 million per year, while the internal cost of ocean disposal at
the 12-Mile Site is about $0.9 million per year.
According to Leschine and Broadus (1985), the internal cost of dumping at the
106-Mile Site is nearly 4 times greater than that for the !2-Mile Site. In 1980, the
total volume of sludge disposed of in the New York Bight by nine sewerage
authorities (including Nassau County) was 7.68 million cubic meters. The total
annual cost (in 1982 dollars) of dumping at the 12-Mile Site was $14.4 million, with
a unit cost of $2.46 per cubic meter, while the total annual cost of dumping at the
106-Mile Site was 58.2 million dollars, with a unit cost of $8.80 per cubic meter.^**
The NRC (1984a) study provided unit cost estimates of different sludge trans-
portation systems at different distances and throughputs.
The unit costs of landfill disposal are estimated based on cost of sludge thick-
'^ Sewage sludge transported to the ocean accounts for about one percent of the total
volumetric output of a typical coastal municipal treatment plant employing primary and
secondary treatment. The other component of treatment plant output is liquid effluent,
which is typically discharged by underwater pipeline outfalls to the ocean. The sludge
disposed of through ocean dumping generally consists of 3 percent solids by dry weight and
97 percent liquid (NRC 1984a).
"" In all cases, the unit cost figures include the costs of conditioning, dewatering. storage,
loading, hauling, dumping, and monitoring.126 D. Jin
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NRC (1984a)
Leschine and Broadus (1985)
NRC (1984a)
Gift e/a/. (1989)
Huetteman et ai (1989)
Schall and Lifset (1992), Walls and
Marcus (1993), and NRC (1984a)
" Not adjusted for benefit from energy sales.
'' According to Huetteman et al. (1989). in Nassau County, the total cost of composting
is U.l times greater than that of ocean dumping at the 12-Mile Site. The figures are not
adjusted for benefit from compost sales.
ening (NRC 1984a) and cost of landfill disposal (Schall and Lifset 1992, Walls and
Marcus 1993).
The available cost data on sewage sludge management in New York are sum-
marized in Table 1. These figures refiect the internal costs of sludge disposal.
Ocean dumping of sludge at the 12-Mile Site is significantly cheaper than land-
based alternatives. The cost of ocean dumping at the 106-Mile Site is still much
lower than incineration, composting or landfill. The actual differences in cost may
be smaller if the costs of land-based management alternatives are adjusted for the
benefits from energy or compost sales. The mid-values of unit costs used in the
simulation for different technologies are shown in Table 2.
External Costs
To reflect total cost, the figures in Table 1 need to be adjusted to include external
costs. As noted, the external cost of an option captures both the health effect and
the environmental effect associated with that option."' Landfill hazards vary sub-
stantially. Generally, because of the application of improved pollution prevention
technologies, newer landfills are safer than older ones (EPA 1988b).-" Without
sufficient measures to control emissions from incinerators, particulates, heavy
metals, toxic organic compounds, and hydrocarbons will contribute to air pollu-
^' Many policy makers believe that optimal waste management programs must be designed
to minimize effects on human health and the environment (National Advisory Committee
on Oceans and Atmosphere 1981; Spencer 1991). In fact, people generally give more weight
to health and environmental criteria than to economic and aesthetic criteria in their eval-
uations of waste management alternatives (Leschine and Quinn 1989).
^^ Landfill technologies prevent threats to human health and the ecosystem (Baccini 1989).
A modern landfill is located where the risk of groundwater contamination is low and is
surrounded by a buffer zone. The landfill structure includes a clay or synthetic liner, a
network of drains to collect and equipment to treat leachate. and landfill gas control and
groundwater monitoring equipment (Menell 1990).Multimedia Waste Disposal Under Uncertainty 127
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" 1992 $ per Wet Ton.
'' I = greatest effect and 5 = least effect.
" 1 = most uncertain and 5 = least uncertain.
tion problems (EPA 1988b).^^ Composting facilities may generate wastewater that
must be treated. The compost may also retain organic materials (such as pesti-
cides) and inorganic materials that, depending on the final use of the compost,
may be released to the environment (EPA 1988b). Ocean dumping of sludge may
result in the destruction of biota that influence the balance between oxygen and
carbon dioxide. Certain pollutants associated with sewage sludge, such as mer-
cury, cadmium, and polychlorinated biphenyls, can bioaccumulate. High levels of
these pollutants can interfere with the reproductive systems of certain marine
organisms, may produce toxic effects in aquatic life, and may present public
health problems if individuals eat contaminated fish and shellfish.-'* Although the
health effect of ocean dumping is greater if the dumping site is closer to shore,
deep-ocean disposal is not an effect-free operation.^^
The cost associated with health effects could be estimated using information
related to long-term health risks'^ and the value of such risks. There is a growing
number of studies in this area. Although these studies are not directly related to
sewage sludge management, they have presented relevant methodologies and
useful information. For example, Viscusi, Magat and Huber (1991) applied survey
methods to value environmental health risks of chronic bronchitis. Kniesner and
Leeth (I99I) estimated the values of risks at the workplace using labor market
data. Efforts to estimate the value of life are summarized in Moore and Viscusi
" The restrictions and standards for sewage sludge incineration are described in EPA
(1992a).
-" In recent years, sludge has routinely been treated before disposal in New York and New
Jersey, reducing substantially the risk of contracting diseases by svt-imming or by eating
contaminated shellfish (Huetteman et al. 1989).
^^ The disposal of municipal sewage sludge at the 106-Mile Site off the coast of New Jersey
began in 1986. The water depth at the site is 2,500 meters. Dispersal and dilution of sewage
particulates in the surface vv-aters were presumed to be sufficient to minimize accumulation
of detectable amounts of sewage-derived material on the sea floor. However, a recent
study indicated that this material has reached the sea floor and entered the benthic food
web (Van Dover et al. 1992). The proposed abyssal ocean disposal sites are remote and
deep, perhaps 1,000 kilometers (540 nautical miles) from the nearest land mass and 4,000
meters deep (MIT 1991). Hence, the associated heaith risk is expected to be very small.
^^ For example, EPA (1992a) used lifetime cancer risk for a highly exposed individual to
assess health risks associated with sewage sludge management.129 ^- -^'i
(1990). Discount rates for long-term health risks were discussed by Moore and
Viscusi (1990), Horowitz and Carson (1990), and Cropper and Portney (1990).
Ideally, specific studies should be designed to estimate the external costs
associated with different disposal technologies. In this study, external costs are
estimated using avaiiabie data and the author's judgment. They are included
mainly for purposes of illustration, and they can be further improved as more data
become available.
The average health costs of different disposal technologies are estimated based
on the number of cancer cases related to sewage sludge disposal in the U.S. (EPA
1992a) and estimates of the value of human life (Moore and Viscusi 1990).^' The
health cost of each specific technology is then calculated according to the corre-
sponding carcinogenic risk (EPA 1992a) and adjusted by the percentage of sludge
disposed of through that technology (See Footnote 4). The average environmental
cost is estimated according to compensations to landfill and incinerator host com-
munities (Rhode Island Solid Waste Management Corporation 1992a and 1992b,
Wessells et al. 1990, and Walls and Marcus 1993)."** The estimated external costs
are summarized in Table 2. They are much lower than the estimated internal
costs. As shown in Table 2, incineration is considered to have the highest external
cost, followed by landfill, composting, ocean dumping at the 12-Mile site, and
dumping at the 106-Mile Site. This ordering of costs matches that for human
health effect (EPA 1992a; Gift et al. 1989).^^ The total costs in Table 2 are used as
input data for d, through d;.
Cost Variances
Compared with the health effects, environmental effects are harder to quantify.
Thus, greater uncertainty is associated with environmental effects than with hu-
man health effects of sludge disposal. Hence, the variances of cost estimates are
assigned according to the ranking of environmental effects.
The uncertainty rank is shown in Table 2. Modern technology has significantly
improved the safety of landfills; the effect of landfill disposal is well investigated
and retains little uncertainty. By contrast, there has been little study ofthe effects
"According to EPA (1992a), sewage sludge related annual health effects in the U.S.
include (1) up to five cancer cases, (2) 2,000 cases of high blood lead level, and (3) 700 cases
of lead poisoning. Value of life estimates (1989 price level) range from $1.8 million to $15
million (Moore and Viscusi 1990). High-end values of cancer cases and value of life were
used to estimate the health cost in order to capture the costs related to high blood lead level
and lead poisoning. The results indicate that the average health cost of sewage sludge
management was $0.42 per wet ton.
^^ A low-end estimate {$0.05 per wet ton) was chosen to avoid possible double counting of
health costs. Unlike health costs, the average environmental cost was not further adjusted
for each technology. Also, compensations to host communities may not be the correct
measure of social cost if these communities mis-perceive the risks associated with those
disposal methods.
^^ Public choice of disposal options is not always consistent with this health effect ranking.
According to a survey by Leschine and Quinn (1989) of a group of individuals who broadly
represent interests of Long Island residents, land disposal options (landfills and land
spreading) and ocean disposal at the 12-Mile Site were not preferred, while disposal into the
deep ocean and sludge incineration were most easily accepted by this group.Multimedia Waste Disposal Under Uncertainty 129
of ocean dumping on the environment and ecosystem,'" and the associated un-
certainty is large (NRC 1984b). Environmental costs are generally difficult to
estimate. This is because they often take a substantial amount of time to manifest
themselves and scientific evidence is imprecise (Viscusi 1990). Specifically (NRC
1984b),
(1) the lack of rigorous mathematical underpinnings in ecology, compounded
by the variability of ecosystems, makes predictions difficuU;
(2) the numerous variables and their interactions make chemical fate modeling
in ecological systems difficult; and
(3) the lack of field verification makes modeling applications suspect in deci-
sion making.
Evaluating the effects of sewage sludge management on the ecosystem, one must
consider both direct and indirect effects on individual species and effects resulting
from interspecific interactions. Long-term and low-level stresses to the ecosystem
are generally difficult to detect. Such chronic stresses can affect species in subtle
ways and often involve indirect mechanisms. It is even more difficult to under-
stand the cumulative effects of several pollutants on the ecosystem (NRC 1984b).
The effect of ocean dumping of sewage sludge is highly controversial. Some
studies (Gift et al. 1989; Huetteman et al. 1989) conclude that sewage sludge can
be disposed of in the ocean in an environmentally sound manner with lower health
effects and costs than other disposal options. However, an early estimate indi-
cated that the cost of ocean dumping to fisheries and other recreational activities
in the New York Bight region was $600 million in 1976 (Squires 1983). A recent
study by Swanson et al. (1991) provided a much larger number, but the damages
included in their estimate are not limited to those caused by ocean dumping.
According to their study, the annual economic impact (in 1987 dollars) of pollution
from sewage waste, industrial waste, dredged material, urban runoff, and atmo-
spheric fallout in New York Bight'' is more than $5 billion. Many impacts are not
quantifiable. For example, ecosystem health and productivity effects on birds,
mammals and turtles are not quantifiable but are considered to be large.
Another major concern about ocean disposal of wastes is that it may lead to
irreversible damage to the marine environment and ecosystem (Arrow and Fisher
1974; Freeman 1984; Viscusi 1988; Pindyck 1991)." This is because removal of
wastes from the ocean would be extremely expensive, assuming it is even feasi-
ble. Generally, valuable information on benefits and costs can be gained by wait-
ing. If the uncertainty is due to lack of information about the benefits of preserving
the ocean,'-' then waiting and carrying out the appropriate research might resolve
the uncertainty. To a risk-neutral decision maker, the waiting (and research)
strategy creates quasi-option value.
In terms of ocean disposal, since the future value of the marine ecosystem is
'" Most deep-sea species are thought to have wide geographic ranges at certain depth.
However, scientific understanding of these species is very limited (NRC 1984b).
'' Generally, it is impossible to measure separately the environmental impact of sewage
sludge dumping from the impact of other pollution sources.
^^ Economic anaiysis of irreversibllity and the concept of a quasi-option value were ad-
vanced by Arrow and Fisher (1974). A quasi-option value captures the difference in net
benefits between two development strategies under uncertainty: start development imme-
diately or wait until new information becomes available.
'^ The cost of environmental damage to be avoided.D. Jin
uncertain, it may be better to hold off on the decision to allow dumping of large
amount of wastes in the ocean. Here, the quasi-option value of waiting creates an
opportunity cost, which in a cost-benefit analysis of ocean dumping must be
added to the current direct cost of destroying ocean wilderness.
To reflect the different levels of uncertainty, the most costly landfill disposal
($34.26 per wet ton) is assumed to have zero variance (0-55 = 0). As shown in
Table 2, incineration and composting are also assigned a low variance (CT33 = 2
and a44 = 1). That is because the unit external costs associated with these options
are low.'** As noted, some study results have indicated that the external costs
associated with ocean dumping may be as high as $100 per wet ton (Squires 1983
and Swanson et ai. 1991).'** Ocean dumping at the 12- and 106-Mile Sites are
assigned higher variances (CTH and 0-22).^^ For simplicity, all covariances (CT^, i ¥=
j) are assumed to be zero.
Risk Preferences
Because ofthe cost uncertainty associated with waste management, people must
rely on their judgment when making decisions about risks (Fischhoff 1990).'^ Risk
perceptions are affected by many factors. Individual response to risk is infiuenced
by risk-reduction mechanisms such as protection measures, insurance, and gov-
ernment relief (Shogren 1990, Kaplow 1991). Group decisions may also be influ-
enced by risk-sharing arrangements among individuals in a group (Pratt and Zeck-
hauser 1989). Subjective risk perceptions may not be consistent with technical
estimates of risk. Such consistency depends on the effectiveness of risk-
communication (Liu and Smith 1990). Risk perception is dynamic, since public
concern about different social problems changes over time in response to fiuctu-
ations in problem severity (Loewenstein and Mather 1990).
Risk perceptions also vary among different groups in society. Because not all
groups are affected equally by a given waste management alternative, people's
preferences for waste management alternatives will vary. For example, only local
residents who use well water are concerned about a sludge composting project,
whereas regional coastal residents who consume seafood may be more concerned
about ocean disposal (Huetteman et al. 1989).
As noted, cost uncertainty may be substantial because in many cases policy
makers have to deal with pollution incidents that have a low probability of oc-
curring, but that may cause serious damage to human health and the environment
and provoke public outcry when they do occur (Cropper 1976).^^ In such cases.
^'* Although the reported estimates of internal costs also vary, as shown in Table 1 for
composting, internal costs for a particular option at a specific location can be estimated
with relatively high precision.
" The quantity of sewage sludge dumped off the New York and New Jersey shoreline was
5.2 million wet tons in 1976 and 8.4 million wet tons in 1987 (EPA 1991c).
^* A range of values is specified for CT, , and CT22 in order to conduct sensitivity analysis.
^^ Fischhoff (1990) offered several proposal for facilitating learning about long-term envi-
ronmental risks by improving the ways in which scientific data are created or presented.
•'*' Individuals tend to overestimate the impact of low-probability events (Shogren 1990).Multimedia Waste Disposal Under Uncertainty 131
Table 3
The Range of \s Examined by Other Researchers
Study Range of \
Peck (1975) 10"'to 10"^
Hanson and Ladd (1991) 5 x 10"^ to 4.5 x 10""*
Martinez and Zering (1992) 6 X 10"^ to 8 x 10 '
Sakong, Hayes and Hallam (1993) 1.5 x 10""* to 9 x 10"*
Vukina and Anderson (1993) 10"' to lO"**
the following qualitative aspects of risk should be considered by policy makers
(Huetteman et al. 1989):'^
(1) Human response: public reactions to risks and effects of pollution in a
particular set of circumstances. Risks that are voluntarily borne and fa-
miliar to those who bear them are preferred to imposed and unfamiliar
risks."*" Opposition cost can be a major factor for waste disposal."*'
(2) Feasibility of risk management: the technical and scientific capability to
manage the risks or effects of a waste disposal option when it is imple-
mented.
(3) Potential redress: how feasible it is to intervene and prevent permanent or
continuing damage if something unexpected happens.
Although a precise measure of individual or household risk perception is not
an easy task (Anderson, Dillon and Hardaker 1977), there have been a number of
empirical studies estimating the risk aversion parameters (Binswanger 1980) or
factors affecting risk perceptions (Moses and Savage 1989). Binswanger (1980)
showed that at high payoff level, virtually all individuals are moderately risk-
averse with little variation according to personal characteristics. Wealth tends to
reduce risk aversion slightly, but its effect is not statistically significant.
Although the absolute risk-aversion parameter (X), which measures subjective
risk preference, can be any value, the results of a study by King and Robison
(1981) indicate that the absolute risk-aversion coefficient should be concentrated
in the range from - 10"" to 10"'. For a risk-averse decision maker, \ is a positive
number. Decisions involving risks are affected by the value of X. However, when
\ is greater than 0.1 or very small (close to zero), the decisions are usually not
sensitive to changes in \. Examples of the range of \ examined by other studies
are summarized in Table 3. In this study, sensitivity analysis with respect to \ is
performed between 10"' and 10"^.
''' For further discussion of risk, see the economic and legal section (Group F) ofthe report
on an ocean option for waste management (Woods Hole Oceanographic Institution 1991).
•*" For a discussion on the effect of information on health risk valuations, see Krupnik and
Cropper (1992).
•" Public and private projects adversely affecting environmental quality or human health
are often subject to strong opposition (e.g., protest demonstration, sabotage, or even
violence). Since project officials must respond in a satisfactory manner to opposing parties,
opposition activities become real costs of such projects. The total costs of a project would
be lower if the project could proceed without triggering substantial opposition.132 D. Jin
Selected Simulation Results
To examine the impacts of risk preference and cost uncertainty on the optimal
multimedia waste disposal strategy, the data in Table 2 are used as input. The
optimal quantities for options 1 through 4 (w, W4) are calculated by Equa-
tion 5, and W5 is determined by Equation 4.
According to the above discussion, the "best estimate" is developed to reflect
the relatively high cost uncertainty associated with ocean dumping (an = 60, CT22
= 30, 0-33 = 2, and a44 = 1) and the disposal strategy of a moderately to slightly
risk-averse decision maker (X = 10"*). As shown in the center of Table 4, the
result indicates that almost all sewage sludge should be disposed of through land-
based options (9.8 million wet tons in landfills). Apparently, the Ocean Dumping
Ban Act of 1988 is consistent with such a result.
Since the optimal disposal strategy is influenced by risk preference as well as
cost uncertainty, a sensitivity analysis is essential to evaluate the effects of these
factors on disposal decisions. Also shown in Table 4 are simulation results under
various conditions. In these simulations, the risk-aversion parameter (X.) varies
from 10"' to 10"^; the cost variance of ocean dumping at the 12-Mile Site (o-|,)
ranges from 30 to 90, while the other variances remain the same (CT22 = 30, (T33 =
2, and (J44 = 1).
As expected, when a community is strongly risk-averse (X = 10"'), W5 is very
close to W. That is, almost all sludge should be disposed of through the costly but
risk-free option of landfills. By contrast, if the community is close to risk-neutral
(X - 10"^), only a small amount of waste should be disposed of in landfills.
Table 4
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Furthermore, as the variance (CTJ,) increases, the quantity of sludge disposed of
through this option (w,) decreases. For example, when \ = 10^^, w, declines
from I.I million to 0.4 million wet tons as CTH rises from 30 to 90.
To test the robustness of the above "best estimate" and its implications for
ODBA, the sensitivity analysis Is extended to cover a much wider range of vari-
ance estimates. As shown in the last column in Table 2, cr,, varies from 1 to 100
and a22 is assumed to be one-third of Un (0.3 to 33.3). At the low end, the
uncertainties associated with ocean options are no greater than those associated
with land-based options. Specifying one million wet tons (w, plus Wj) as a critical
value, one can estimate the corresponding X values over the entire range of as.
The results are illustrated in Figure 1. The downward-sloping curve represents
the critical value of X associated with different CTS. Obviously, for any combination
of X and a above the curve, the sum of w, and Wj is smaller than one million wet
tons, whereas for any combination below the curve, the sum is greater than one
million wet tons. If the sum of w, and Wj is less than one million, in practice the
quantity may be too small to justify the capital and operating costs associated with
the ocean options. As a result, the ocean options are not justified. Thus, the areas
above and below the curve are marked with No and Yes, respectively.
As shown in the Figure, when CTH is very close to 1. X is lO"**, while X
approaches 10"^ as u^ equals 100. In fact, if o-u is greater than 12, the risk-
aversion parameter is lower than 10"''. Almost all the Xs examined by other
studies (see Table 3) fall in the No area. Moreover, an increase in the critical value
of quantity (one million wet tons) will lead the curve in Figure I to shift down,
enlarging the No area. The results indicate that to any moderately risk-averse
decision maker, the optimal strategy is to manage sewage sludge in land-based
facilities. Thus, the justification for the Ocean Dumping Ban Act is robust based
on the available data.
20 30 40 50 60 70 80
Variance of Unit Ocean Dumping Cost
Fig. 1.
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Conclusions
Many communities today face waste management controversies. According to the
Environmental Protection Agency (EPA 1988a), there is no universal solution
applicable to every waste management problem.
Managing waste at least cost is difficult, since any waste disposal plan entails
some effects on human health and the environment, and there are substantial
uncertainties associated with these effects. This makes the selection of waste
disposal options difficult. To assess waste disposal alternatives, the total cost
associated with each option must be considered. The total cost consists of (1)
internal costs such as transportation, processing, and disposal cost, and (2) ex-
ternal costs such as damage to human health and the environment. Society must
decide how much we are prepared to pay for environmental protection to maintain
a certain level of human health.
This study has presented an analytical framework for optimizing multimedia
waste disposal under cost uncertainty, using the sewage sludge management prob-
lem in coastal New York and New Jersey as a case study. The debate has focused
on the less costly ocean option for waste management. Many people have argued
that the decision to ban ocean dumping of sewage sludge is based on emotion
rather than economic analysis. However, this study shows that the ban may be
consistent with economic analysis. One of the key factors in this debate is that,
although the cost associated with ocean dumping is lower than that of land-based
options, the uncertainties associated with the ocean option appear much greater
than those of the land-based options. The negative effects of land-based disposal
of sludge have been documented with some precision. The dangers of dumping it
in the ocean, however, especially in the deep ocean, are less clear (Specter 1993).
The simulation results have shown that if a community is strongly risk-averse,
the optimal strategy is todisposeof most waste through the "safe" option, in spite
of the fact that the "risky" option is much less costly. Also, for a fixed level of
expected disposal cost, regardless of a community's level of risk aversion, the
quantity of waste disposed of by means of a particular option will decline as the
uncertainty (variance) associated with that cost rises. In other words, the quantity
of waste managed by means of a particular option is very sensitive to the cost
uncertainty of that option.
The empirical proposition resulting from this study is that, based on available
data, the optimal strategy of a moderately risk-averse decision maker is to manage
sewage sludge at land-based facilities. This result holds over a wide range of
risk-aversion parameters and even at low levels of cost uncertainty. Thus, the
Ocean Dumping Ban Act of 1988 is consistent with such a result. In fact, Conrad
(1992) has shown that even for a risk-neutral decision maker, if environmental
cost associated with a disposal option is stochastic over time, the optimal level of
disposal by means of that option is lower than in the case when corresponding
environmental cost is known.
These results have several implications for the proposed abyssal ocean option.
Although the near-shore ocean option has a low-cost advantage for sewage sludge
management in the New York area, this cost advantage diminishes as the dump
site is moved further offshore. Because of transportation distance, abyssal ocean
disposal may not have any internal cost advantage. Furthermore, since society's
valuation of "wilderness ocean" is highly uncertain, people may decide not toMultimedia Waste Disposal Under Uncertainty 135
take the risk. It may be optimal to postpone ocean disposal and carry out more
research.'*^
Generally, to improve waste management, it is necessary to reduce the cost
uncertainty associated with different options by increasing data collection for
research on the effects of waste disposal and by increasing the waste planning and
management information available to states, local communities, waste handlers,
citizens, and industry (EPA 1989).
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